Introduction

Results
Molecules involved in the regulation of meiosis in higher eukaryotes remain largely unknown, except for a few
Emergence of the Mei2p Dot in Meiotic Nuclei factors such as MPF (maturation promoting factor;
Mei2p was detected as a single dot in meiotic prophase p34 cdc2 /cyclin B) or CSF (cytostatic factor; c-mos) (Gebauer nuclei, when visualized by conjugating it to the jellyfish and Richter, 1997; Sagata, 1997) . In contrast, a considergreen fluorescent protein (GFP) . able amount of knowledge has been accumulated about To understand the significance and the underlying meiotic regulators in two genetically tractable yeast spemechanism of this dot formation, we analyzed it in more cies, namely the budding yeast Saccharomyces cerevisdetail. The ORF for GFP was ligated to either the N iae and the fission yeast Schizosaccharomyces pombe terminus or the C terminus of the mei2 ORF, and the (Kupiec et al., 1997; . However, fused ORFs were connected to the thiamine-repressible the overall scheme for the regulation of meiosis is yet nmt1 promoter. The protein expressed from the former to be established even in these two microbes.
fusion ORF, carried on a plasmid pRST-mei2, was desigIn S. pombe, Mei2p has been shown to be a key nated GFP-Mei2p, whereas the protein expressed from regulator of meiosis, which is required for both induction the latter, carried on pGFT-mei2, was designated Mei2p-of premeiotic DNA synthesis and promotion of the first GFP. A mei2⌬ diploid strain (JY776) transformed with meiotic division (meiosis I) (Watanabe and Yamamoto, either of these plasmids executed meiosis on sporula-1994). The mei2 gene is expressed poorly in cells growtion medium devoid of thiamine, indicating that both ing under rich nutrition (Shimoda et al., 1987; Watanabe GFP-Mei2p and Mei2p-GFP could perform the function et al., 1988) . In addition, the Pat1(Ran1) kinase, which of authentic Mei2p. These two types of GFP-tagged is active during the mitotic cell cycle, phosphorylates Mei2p were functionally indistinguishable in the followMei2p on two amino-acid residues and blocks the funcing analyses. tion of the protein . Hence, mitotic When JY776 cells carrying pGFT-mei2 were grown cells have little Mei2p activity. However, the Pat1 kinase mitotically and expression of Mei2p-GFP was induced, the protein was distributed homogeneously in the cytoplasm ( Figure 1A ). In contrast, part of Mei2p-GFP ap- ‡ To whom correspondence should be addressed (e-mail: myama mot@ims.u-tokyo.ac.jp).
peared in the nucleus, forming a single clear dot, when they were shifted to nitrogen-free medium (Figures 1B Mei2p-GFP and stained them with anti-Sad1 antibodies and an anti-GFP monoclonal antibody, the former of and 1C). Expression of GFP alone did not reveal such which recognize the spindle pole body (SPB) (Hagan specific localization (data not shown). Localization of and Yanagida, 1995) . Each of these antibodies stained Mei2p in the nuclear dot was confirmed by immunoa distinct single dot in prophase nuclei. The Mei2p-GFP staining of Mei2p by polyclonal anti-Mei2p antibodies dot, shown in green in Figure 2A , was clearly separate ( Figure 1F ).
but not far apart from the SPB dot, which is shown in Mei2p-GFP did not form a nuclear dot in haploid cells, yellow in Figure 2A . It has been demonstrated that the even if they were starved. Figure 1E shows h Ϫ haploid prophase nuclei are highly motile during a period precells carrying pGFT-mei2, shifted to nitrogen-free meceding the first nuclear division (Chikashige et al., 1994 ; dium and stimulated with the mating pheromone P fac- Svoboda et al., 1995) , thereby assuming a characteristic tor. They displayed no detectable dot in the nucleus. morphology called "horse tail" (Robinow, 1977 ; Figures Thus, the Mei2p dot appears to emerge only in cells 1G, 2A, and 2B). We microscopically examined typical destined for meiosis. Precise observation revealed that horse tail nuclei. Without exception, the Mei2p dot apMei2p dots could be visible in conjugating cells that peared near to the SPB, which is positioned at the leadcompleted cell fusion but did not undergo karyogamy ing tip of horse tail nuclei (Chikashige et al., 1994) , but yet. Each of the two unfused nuclei respectively disthey never overlapped. Rather, the distance between played one dot in this case (data not shown). This obserthem appeared to be kept fairly constant and was calcuvation implicates that the Mei2p dot can be generated lated to be 1.54 Ϯ 0.32 m in fully extended horse-tail even before the onset of premeiotic DNA synthesis and, nuclei (n ϭ 18). Telomeres are known to cluster adjacent furthermore, that coexistence of the products of the h ϩ to the SPB in prophase nuclei (Chikashige et al., 1994) . and h Ϫ mating type genes in a single cell is a likely Fluorescence in situ hybridization (FISH) analysis showed trigger for the dot formation. Although very infrequently, that the telomere cluster was also clearly separate from nuclei carrying two dots could be seen after nuclear the Mei2p dot (red vs. green in Figure 2B ). These obserfusion, implying that Mei2p dots may fuse following vations suggest that Mei2p localizes at a fixed position karyogamy. The nuclear Mei2p-GFP fluorescence culmiopposed to the SPB in prophase nuclei, probably asnated at the prophase of meiosis I, and it faded away suming a novel structure. This is schematically shown as the first meiotic division proceeded ( Figure 1D ).
in Figure 2C . Figure  3C ). Even when Mei2p-644A was expressed in wild-type diploid cells (mei2 ϩ sme2 ϩ ), the mutant protein did not translocate to prophase nuclei (data not shown). Thus, the ability of Mei2p to bind to RNA appears to be essential for its nuclear localization.
Suppressors of sme2⌬ Restore the Mei2p Dot in Cells Lacking meiRNA
To aid the dissection of the function of meiRNA, we initiated to isolate high-copy-number suppressors of the meiotic arrest in sme2⌬ cells, as we reported previously (Yamashita et al., 1997) . One of the suppressors thus isolated was ssm4, which encodes a microtubule-associated coiled-coil protein expressed specifically in meiotic cells (Yamashita et al., 1997) . Another suppressor isolated was a truncated form of rec8 (our unpublished data), which is a gene relevant to meiotic recombination and chromosome pairing (Lin et al., 1992; Molnar et al., 1995) . Although detailed characterization of rec8 as a sme2⌬ suppressor will be described elsewhere rather than here, a significant observation relevant to the current study was that the sme2⌬ cells (JZ464) transformed with either ssm4 or rec8 generated the nuclear Mei2p-GFP dot, in accordance with their ability to complete meiosis and sporulation ( Figures 3D and 3E ). Thus, it is evident that Mei2p can assume a dot structure even in The above observation has led us to speculate that with DAPI and subjected to fluorescence microscopy. Staining by anti-Sad1 is displayed in yellow, and staining by anti-GFP is disMei2p retains the potential to induce meiosis I in itself played in green. DAPI-stained DNA is shown in blue.
and that meiRNA is likely to be a cofactor that aids the (B) Starved JY776 cells expressing Mei2p-GFP were subjected to transport of Mei2p into nuclei. To test this possibility, in situ hybridization to detect telomere clusters as described in we engineered Mei2p so that it would migrate to nuclei Experimental Procedures. Positive signals for hybridization are disby itself. We substituted the C-terminal seven-aminoplayed in red. Mei2p-GFP was detected as in (A) and is displayed acid residues of Mei2p (PPTASKC) with PPKKKRKVC in green. DAPI-stained DNA is shown in blue. Only nuclear regions are shown here.
RP, which contained the nuclear localization signal (C) A schematic illustration of the typical arrangement of organelles (NLS) of SV40 large T antigen (PKKKRKV) (Kalderon et in a horse-tail nucleus. tel, the telomere cluster; cen, the centromere al., 1984). We refer to the modified Mei2p as Mei2pNLS cluster, adopted from Chikashige et al. (1994, 1997). hereafter. To confirm that Mei2pNLS is active in provid- Bar, 5 m. ing the Mei2p function, we transformed the mei2⌬ diploid strain JY776 with either pRmei2 or pRmei2NLS, division . To investiwhich could express wild-type Mei2p and Mei2pNLS, gate a possible role of meiRNA in the Mei2p dot formarespectively, from the weak nmt1 promoter. pRmei2NLS tion, we expressed GFP-Mei2p in sme2⌬ homothallic was able to complement the meiotic defect of the mei2⌬ haploid cells (JZ464) and subjected them to nitrogen strain but less efficiently than pRmei2 (Table 1) . We starvation on SPA. These cells underwent mating and suppose that this inefficiency resulted probably bekaryogamy normally, but they did not show a nuclear cause Mei2pNLS could not effectively execute the Mei2p dot in resulting zygotes (diploids) ( Figure 3B ). In Mei2p function required for the induction of premeiotic contrast, zygotes of the control sme2 ϩ strain (JY450) DNA synthesis, for which cytoplasmic Mei2p is apparexpressing GFP-Mei2p formed a dot in nuclei (Figure ently responsible see 3A) . Essentially the same results were obtained when below). However, pRmei2NLS could suppress the meiMei2p-GFP was expressed in JZ464 and JY450 instead otic defect of the sme2⌬ strain JZ464 as efficiently as of GFP-Mei2p (data not shown). These results suggest pDBsme2, which carried the intact sme2 gene (Table  that meiRNA is involved in the Mei2p dot formation, 1). Overexpression of wild-type Mei2p was not effective either directly or indirectly.
in suppressing sme2⌬ (Table 1 ). The apparent difference Mei2p-644A is a mutant form of Mei2p, which carries observed in the efficiencies for Mei2pNLS to rescue alanine in place of phenylalanine at position 644 in the JY776 (mei2⌬) and JZ464 (sme2⌬) will be explained by C-terminal RRM, and has little ability to bind to meiRNA the fact that the genomic mei2 gene is intact in JZ464 . We tagged Mei2p-644A with GFP and observed its localization in mei2⌬
and can contribute the cytoplasmic Mei2p function. In summary, these results suggest that fission yeast cells
We further addressed the question whether the RNA binding ability of Mei2p is still required for its function no longer require meiRNA for the promotion of meiosis I if Mei2p is ever translocated to nuclei.
to promote meiosis I in the nucleus. We constructed Mei2pNLS carrying the 644A mutation. Interestingly, To visualize that Mei2pNLS was indeed translocated to nuclei, this modified Mei2p was further tagged with Mei2pNLS-644A turned out not to suppress sporulation deficiency of sme2⌬ cells (Table 1) , although this mutant GFP and introduced into sme2⌬ cells (JZ464). GFPMei2pNLS formed a bright nuclear dot in zygotes when construct, further tagged with GFP, appeared to migrate to nuclei (data not shown). This suggests that Mei2p the cells were subjected to nutritional starvation ( Figure  3F ), while GFP-Mei2p did not ( Figure 3B ). GFP-Mei2pNLS may have to interact with one or more RNA species in the nucleus in order to promote meiosis I. was competent in inducing meiosis and sporulation in sme2⌬ cells, like Mei2pNLS (data not shown). These observations clearly indicate that Mei2p translocated to Subcellular Localization of meiRNA meiRNA is expressed in response to nutritional starvanuclei can promote meiosis I without meiRNA. GFPMei2pNLS expressed in exponentially growing cells was tion, and its expression apparently precedes the onset of premeiotic DNA synthesis (Watanabe and Yamamoto, distributed predominantly in the nucleus rather homogeneously, but apparent dot structures were also visible 1994). We determined the intracellular localization of this RNA molecule by FISH. Wild-type and mei2⌬ diploid in some instances (data not shown). Cells of JY776 (mei2⌬ diploid) and JZ464 (sme2⌬ homothallic haploid) were transformed with a plasmid as indicated. pRmei2NLS, pRmei2, and pRm644NLS, respectively, express Mei2pNLS, wild-type Mei2p, and Mei2pNLS-644A from the nmt1 promoter, and pDBsme2 expresses meiRNA from its authentic promoter. pREP81 is a control vector. After incubation on SSA medium at 30ЊC for 3 days, sporulation frequency was determined by microscopic observation. NT, not tested.
nucleus indeed coincided with the position of GFPMei2p. These observations support the view that this RNA molecule may escort Mei2p to the nucleus.
meiRNA-Assisted Nuclear Localization of Mei2p in Mammalian Cells
To further confirm that meiRNA directs the translocation of Mei2p into nuclei, we expressed Mei2p-GFP together with meiRNA in cultured mammalian cells. COS-7 cells, derived from African green monkey, were transiently transfected with pCMV-Mei2-GFP and examined under the fluorescence microscope. The fluorescence of Mei2p-GFP was observed diffusely in the cytoplasm of these cells ( Figure 5A ). However, when cells were doubly transfected with pCMV-Mei2-GFP and pCMV-meiRNA, a dramatic change occurred in the localization of Mei2p-GFP. In more than 50% of cells emitting green fluorescence, Mei2p-GFP was observed almost exclusively in the nucleus ( Figure 5B ). In the absence of coexpressed meiRNA, nuclear localization of Mei2p-GFP was detectable only in 3% of cells at most. These observations in COS-7 cells indicate clearly that meiRNA can direct nuclear transport of Mei2p, and, furthermore, they implicate that a machinery for the RNA-assisted nuclear transport is likely to be conserved among various organisms.
To confirm that the RNA binding ability of Mei2p is essential in this nuclear transport system, we expressed Mei2p-644A-GFP together with meiRNA in COS-7 cells. As shown in Figure 5C , GFP fluorescence was observed confirm this, COS-7 cells transfected with pCMV-Mei2-GFP and pCMV-meiRNA were fixed and subjected to indirect immunofluorescence microscopy using anticells, namely JY362 and JY776, were subjected to nitro-GFP antibodies and a monoclonal antibody D77, which gen starvation and then probed for meiRNA, as derecognizes a nucleolar protein fibrillarin in both yeast scribed in Experimental Procedures. Fluorescence miand mammalian cells (Aris and Blobel, 1988) . The results croscopy revealed that meiRNA localized mainly in the showed that Mei2p-GFP coexpressed with meiRNA was cytoplasm in both strains ( Figure 4A and 4B) . However, directed to the nucleolus ( Figure 5D ). Essentially the in wild-type cells, but not in mei2⌬ cells, meiRNA was same results were obtained when we used an antiobserved in the nucleus as a single dot, mimicking the human nucleolus monoclonal antibody commercially localization of Mei2p ( Figure 4A ). JY776 expressing available (data not shown), reinforcing the accumulation Mei2p-644A defective in RNA binding, showed no nuof Mei2p in the nucleolus in COS-7 cells. clear localization of meiRNA ( Figure 4C ). Because nuclear localization of Mei2p required the presence of meiRNA as demonstrated above, it follows that Mei2p Discussion and meiRNA are mutually dependent in their translocation from cytoplasm to nucleus.
meiRNA Is a Cofactor for the Nuclear Transport of Mei2p To confirm colocalization of meiRNA with Mei2p in the nucleus, JY776 was transformed with pRST-mei2, Our previous study demonstrated that meiRNA is a unique RNA species that is required for the promotion which could express GFP-Mei2p from the weak nmt1 promoter, and the transformant was subjected to both of meiosis I but apparently unnecessary for any other cellular activities . The FISH to detect meiRNA and indirect immunostaining with anti-GFP antibodies to detect GFP-Mei2p. As present study leads us to propose that the major role of meiRNA is to escort the key meiotic regulator of fission shown in Figure 4D , the dot formed by meiRNA in the (A-C) COS-7 cells grown in DMEM were transfected with either pCMV-Mei2-GFP alone (A), pCMV-Mei2-GFP together with pCMV-meiRNA (B), or pCMV-Mei2-644A-GFP with pCMV-meiRNA (C). Cells emitting green fluorescence were examined using a laser scanning microscope. The left panels exhibit Nomarski images; the middle panels, GFP fluorescence; and the right panels, merged images. (D) COS-7 cells transfected with both pCMV-Mei2-GFP and pCMV-meiRNA were fixed and immunostained with an anti-fibrillarin monoclonal antibody D77 and anti-GFP polyclonal antibodies. Two typical nuclear regions doubly stained are shown. The left panels, anti-GFP staining; the middle panels, D77 staining; and the right panels, merged images. Bar, 10 m.
yeast, Mei2p, to the nucleus. The following observacentral mechanisms for protein-assisted nucleocytoplasmic transport of protein molecules (reviewed in Gö rtions, which have been obtained in this study unless otherwise specified, support this proposal. (1) Mei2p lich and Mattaj, 1996; Ohno et al. 1998) , and proteinassisted nuclear export of RNA molecules has also been binds specifically to meiRNA both in vivo and in vitro . (2) Mei2p forms a dot established (Murphy and Wente, 1996; Saavedra et al., 1997; Stutz et al., 1997) . Our results suggest the involvein meiotic prophase nuclei this study) . This dot formation depends on the function of ment of an RNA molecule in nuclear transport as a chaperon, thus raising a novel scheme for nucleocytoplasmic meiRNA. Mei2p stays in the cytoplasm if meiRNA is missing. (3) meiRNA localizes in the cytoplasm when trafficking. One may suspect that Mei2p can be a protein with a nuclear export signal (NES) and that meiRNA may there is no Mei2p expressed. However, part of meiRNA appears in the nucleus and colocalizes with the Mei2p block the NES activity, thereby holding Mei2p in the nucleus. We assume this possibility to be unlikely, bedot at the meiotic prophase. This colocalization requires the ability of Mei2p to bind to RNA. (4) Mei2p that carries cause we find no obvious NES in the Mei2p sequence, and because meiRNA is cytoplasmic when Mei2p is a nuclear localization signal (Mei2pNLS) can migrate to the nucleus, form a dot, and promote meiosis I in the absent. It was beyond our expectation that meiRNA could absence of meiRNA, suggesting that meiRNA is required only for the nuclear transport of Mei2p. (5) Mei2p accudirect nuclear localization of Mei2p so effectively in COS-7 cells. Given this observation, a due question will mulates mainly in the cytoplasm of COS-7 cells when it is expressed alone, but it migrates to the nucleolus if be whether higher eukaryotes, including mammals, employ a similar RNA-assisted nuclear transport system meiRNA is coexpressed, supporting the possible role of meiRNA as a chaperon for nuclear transport.
for the regulation of meiosis, or for any other purpose. Currently we have no evidence to prove or disprove that the importin-nuclear pore complex system, which is a RNA-Assisted Nuclear Transport Nuclear transport led by RNA has been described for highly conserved system for nucleocytoplasmic transport (Ohno et al. 1998) , is involved in meiRNA-assisted partly assembled U small nuclear ribonuclear proteins (U snRNPs), in which cap hypermethylation of U snRNAs nuclear transport. This raises another important question to be addressed in the near future. mediates the entry into nuclei (Fischer and Lü hrmann, 1990; Hamm et al., 1990; Gö rlich and Mattaj, 1996) . Compared with U snRNAs, which are constituents of the snRNP complexes and play roles in mRNA processing,
Progression of Meiosis in Fission Yeast Cells
A scenario as below can be pictured from the current meiRNA characterized in this study is unique in that it does not appear to have any other role than to aid nuand previous studies. Dephosphorylated Mei2p accumulates in diploid cells under nutritional starvation and clear transport. Intensive studies have elucidated the switches the cell cycle from mitotic to meiotic, first in- electron-microscopically a nucleolus-associated strucvation). As meiRNA can bind to phosphorylated Mei2p ture in meiotic nuclei of S. pombe, which they named , phosphorylation may inhibit the "round body." They also observed another curious Mei2p-meiRNA complex from interacting with a machinstructure, named "black bodies," in the prophase nuclei. ery responsible for the nuclear transport. The initial This electron-dense structure was detected at one coremergence of the Mei2p dot under the physiological ner of the triangular arrangement formed with SPB and conditions appears to precede the completion of prethe nucleolus (Bä hler et al., 1993; Kohli and Bä hler, meiotic DNA synthesis. It is likely, however, that a possi-1994). The Mei2p dot appears to occupy a similar posible checkpoint mechanism suppresses the onset of meition to these structures. Although their biochemical naosis I until DNA synthesis is completed (Iino et al., 1995) .
ture and function remain totally unknown, it will be worth Interestingly, our observation on Mei2pNLS-644A (Table  examining whether the Mei2p dot coincides with either 1) suggests that Mei2p should retain the RNA binding the round body or the black bodies. This may provide ability in order to promote meiosis I in the nucleus. An another clue to elucidate how Mei2p is involved in the immediate question to follow is what RNA is interacting promotion of meiosis I. with Mei2p to do so. Identification of this RNA will provide a vital clue for the elucidation of the function of
Experimental Procedures
Mei2p. A characteristic feature of meiotic nuclei in fission yeast used minimal medium SD (Sherman et al., 1986) with 1% glucose, which contained a sufficient amount of thiamine (1.2 M) to repress is that telomeres form a single cluster near the SPB the nmt1 promoter. To derepress the nmt1 promoter, cells cultured during a limited period of karyogamy and meiotic proin SD were transferred to a minimal medium MM (Moreno et al., phase (Chikashige et al., 1994 (Chikashige et al., , 1997 , which is similar
Fission Yeast Strains and Media
